Taxonomic studies were performed on an astaxanthin-dideoxyglycoside-producing strain, designated PB304
T .
The DNA G+C content of strain PB304
T was 66.6 mol%. On the basis of the phenotypic, chemotaxonomic and phylogenetic data, strain PB304 T is concluded to represent a novel species of the genus Sphingomonas, for which the name Sphingomonas lacus is proposed. The type strain is PB304 T (5KCTC 32458
The genus Sphingomonas (family Sphingomonadaceae, phylum Proteobacteria) consists of more than 60 species (Huy et al., 2014) . Takeuchi et al. (2001) had proposed that the genus Sphingomonas could be divided into the four separate genera Sphingomonas, Novosphingobium, Sphingobium and Sphingopyxis, based on the combined results from analyses of 16S rRNA gene sequences, polyamine patterns and polar lipid profiles. However, there is no systematic guideline and/or evidence to support the division of the genus Sphingomonas into the four separate genera. Species of the genus Sphingomonas have been isolated from various environmental sources, including soil, water, plant phyllosphere and rhizosphere, and clinical specimens. According to Yabuuchi et al. (1990) , species of the genus Sphingomonas are yellow-pigmented, Gramstaining-negative rods. Furthermore, species of the genus Sphingomonas are reported to be resistant to many disinfecting and toxic chemicals (Kim et al., 2014a) . Some strains representing the genus Sphingomonas have attracted interest because they produce carotenoids of biotechnological significance and, therefore, have potential as microbial sources for carotenoids that can be used in cosmetics, antioxidants, and food or feed additives (Lee & SchmidtDannert, 2002) . Interestingly, the structurally unique astaxanthin dirhamnoside was identified from the radiotolerant strain Sphingomonas astaxanthinifaciens TDMA-17 T (Asker et al., 2009) . Astaxanthin dirhamnoside has a structure in which a rare deoxysugar rhamnose is attached to each b-ionone ring that is present at the ends. Recently, we elucidated the biosynthesis pathway of astaxanthin dideoxyglycoside in Sphingomonas sp. PB304 (Kim et al., 2014b) . Here, we describe an astaxanthin-dideoxyglycosideproducing strain, designated PB304 T , which was isolated from the soil near a pond in Daejeon city, South Korea. T were used as reference strains for phenotypic and genotypic characterization and fatty acid analysis.
Strain PB304
T was tested for growth on R2A agar, LB agar, marine agar, nutrient agar and trypticase soy agar (all from Difco); growth was assessed after incubation at 30 8C for 3 days under aerobic conditions. Cell morphology was examined by light microscopy (Laborlux K, Leitz) and scanning electron microscopy (JSM 5410LV, JEOL), using cells from exponentially growing R2A broth cultures (Fig. 1) . Anaerobic growth on R2A agar was assessed under anaerobic (with 4-10 % CO 2 ) conditions by using the GasPak Plus system (BBL) at 30 8C for 3 days. Gram staining was performed using a Sigma-Aldrich Gram stain kit, following the manufacturer's instructions. Oxidase activity was tested on the basis of oxidation of 1 % (w/v) tetramethyl pphenylenediamine (Merck), and catalase activity was evaluated by production of oxygen bubbles in 3 % (v/v) aqueous hydrogen peroxide solution. Gliding motility, production of flexirubin-type pigments and adsorption of Congo red by colonies were assessed according to the methods of Bernardet et al. (2002) and Reichenbach et al. (1980) . Growth in R2A broth was monitored at 4, 10, 16, 20, 25, 30 and 37 8C by obtaining OD 600 readings over 3 days. Growth at pH 4-10 (in increments of 0.5 pH units) was investigated using R2A broth that had been adjusted to the correct pH by adding HCl or K 2 HPO 4 /KH 2 PO 4 . Growth in R2A broth with the addition of 0-8 % (w/v) NaCl (in increments of 0.5 %) was investigated for 3 days. The antibiotic susceptibility of strain PB304
T was determined by culture on R2A agar containing ampicillin (100 mg ml 21 ), chloramphenicol (100 mg ml 21 ), erythromycin (50 mg ml 21 ), kanamycin (30 mg ml 21 ), streptomycin (50 mg ml 21 ), penicillin G (100 mg ml
21
) or tetracycline (30 mg ml
) at 30 8C for 3 days. Biochemical properties of strain PB304
T were evaluated using the API ZYM, API 20NE and API 32GN systems (bioMérieux) incubated at 30 8C for 3 days. The phenotypic characteristics of strain PB304
T are stated in the species description and in Table 1 .
Genomic DNA was isolated and purified using a genomic DNA extraction kit (Intron). The 16S rRNA gene of strain PB304
T was amplified by PCR from purified genomic DNA using the universal bacterial primer pair 9F and 1512R (Weisburg et al., 1991) . The complete 16S rRNA gene sequence (1449 nt) of strain PB304
T was extracted and aligned with reference sequences obtained from the EzTaxon-e server by using the CLUSTAL W software (Larkin et al., 2007) . Evolutionary distances were calculated using the model of Jukes & Cantor (1969) , and a phylogenetic tree (Fig. 2 ) was reconstructed using the neighbour-joining method (Saitou & Nei, 1987) . The resulting tree was subjected to bootstrap analyses (Felsenstein, 1985) based on 1000 resamplings. The closest phylogenetic neighbours of strain PB304 T were 'Sphingomonas humi' KCTC 12341 (98.7 % 16S rRNA gene sequence similarity), Sphingomonas kaistensis KCTC 12344 T (97.9 %), Sphingomonas astaxanthinifaciens DSM 22298 T (97.6 %) and Sphingomonas ginsengisoli KCTC 12630 T (97.5 %). Trees with essentially identical topologies were recovered using the maximum-likelihood and maximum-parsimony algorithms (not shown), supporting the phylogenetic position of strain PB304
T within the genus Sphingomonas (Felsenstein, 1981) . Additionally, the pufLM gene of strain PB304 T , encoding the light and medium polypeptide chains of the photosynthetic reaction centre, was amplified by PCR from purified genomic DNA, using a specific primer pair (Nagashima et al., 1997) . The pufLM (1502 nt) gene sequence was extracted and aligned with reference sequences obtained from the National Center for Biotechnology Information server by using the CLUSTAL W software. Calculation of evolutionary distances and generation of phylogenetic trees (Fig. 3) were performed as described for the 16S rRNA gene sequence. The closest phylogenetic neighbour of strain PB304
T was 'Sphingomonas humi' KCTC 12341 (88.1 %).
For analysis of cellular fatty acids, strain PB304
T was grown on R2A agar for 3 days at 30 8C and the four reference strains were grown on R2A agar for 1-3 days at 30 8C, after which methyl esters were prepared according to the standard protocol of the MIDI/Hewlett Packard Microbial Identification System (Sasser, 1990 ) and analysed by GC-MS (models 7890, 5975; Agilent Technologies), using the NIST database (http://www.nist.gov/). To determine the quinone content, quinones were extracted from strain PB304 T and analysed using a C 18 reverse-phase column attached to an Agilent 1200 HPLC system (Agilent Technologies) equipped with a photodiode array (PDA) detector (Kong & Lee, 2011) . To determine the bacteriochlorophyll (BChl) a and carotenoid contents of strain PB304 T , BChl a and carotenoids were extracted, purified and analysed using the same HPLC system (Gich & Overmann, 2006; Kim et al., 2007 Kim et al., , 2010 ) and a liquid chromatography-mass spectrometer (LC/MS, Agilent 6150) equipped with an atmospheric pressure chemical ionization ion source (Agilent Technologies) (Heo et al., 2013) . For structural analysis, the carotenoids were identified using a combination of HPLC retention times, UVvisible absorption spectra and mass fragmentation spectra (Song et al., 2013; Kim et al., 2014b) . Polar lipids of strain PB304
T grown on R2A broth for 3 days at 30 8C were extracted and analysed by two-dimensional TLC using Kieselgel 60 F 254 plates (Merck). Polar lipids were separated in the first direction with a mixture of chloroform/methanol/ water (65 : 25 : 4, by vol.), followed by chloroform/acetic acid/methanol/water (80 : 15 : 12 : 4, by vol.) in the second direction. Total lipids were detected by spraying the TLC plates with 20 % (w/v) ethanolic molybdophosphoric acid; ninhydrin (0.2 % in water-saturated butanol) and a-naphthol-sulphuric acid were used to reveal polar lipids with specific functional groups (Minnikin et al., 1977; Yokota et al., 1993; Sheu et al., 2013) . Polyamines of strain PB304
T grown on R2A broth for 3 days at 30 8C were extracted, purified, derivatized and analysed using a C 18 reverse-phase column attached to an Agilent 1200 HPLC system equipped with a PDA detector (Flores & Galston, 1982; Schenkel et al., 1995) . DNA-DNA hybridization of strain PB304
T with the three reference strains was performed at 40 8C using photobiotinlabelled probes, as described by Ezaki et al. (1989) . Five replicate experiments were performed for each sample; the highest and the lowest values obtained were excluded and the mean of the remaining three values was considered to be the DNA-DNA relatedness value. To determine the DNA G+C content of strain PB304 T , genomic DNA was degraded enzymically into nucleosides and analysed by performing HPLC, by the methods of Tamaoka & Komagata (1984) and Mesbah et al. (1989) . The samples were analysed four times; genomic DNA of Escherichia coli MG1655 was used as the control.
Based on 16S rRNA gene sequence similarity, strain PB304 T is most closely related to species of the genus Sphingomonas. The closest phylogenetic neighbours of strain PB304 T were the strains 'Sphingomonas humi' KCTC 12341 (98.7 %), Sphingomonas kaistensis KCTC 12344 T (97.9 %), Sphingomonas astaxanthinifaciens DSM 22298 T (97.6 %) and Sphingomonas ginsengisoli KCTC 12630 T (97.5 %). Lower sequence similarities were found with the other 'Sphingomonas humi'. Strain PB304 T was distinguishable from the four reference strains on the basis of several phenotypic characteristics (Table 1 ).
The overall fatty acid compositions of the four reference strains were similar and the major cellular fatty acids were summed feature 4 (comprising iso-C 15 : 0 2-OH and/or C 16 : 1 v7c) and summed feature 7 (comprising C 18 : 1 v7c/ v9t/v12t). Strain PB304 T , however, differed from the four reference strains by the absence of C 15 : 0 , C 14 : 0 2-OH, C 18 : 1 2-OH and C 17 : 1 v6c (Table 2) . BChl a was not detected in strain PB304
T . The main carotenoid of strain PB304 T was astaxanthin-3,3-dideoxyglycoside (Kim et al., 2014b) , which has an almost similar structure to a carotenoid pigment, astaxanthin dirhamnoside, reported in only Sphingomonas astaxanthinifaciens TDMA-17 T (Asker et al., 2009 ). However, astaxanthin, an aglycosyl structure of astaxanthin dirhamnoside, has been reported in the family Sphingomonadaceae (Asker et al., 2007) and members of the genera Paracoccus (Yokoyama et al., 1994) and Brevundimonas (Yokoyama et al., 1996) .
Ubiquinone-10 (Q-10) was the sole respiratory quinone identified, similar to that observed in the other members of the family Sphingomonadaceae (Takeuchi et al., 2001) . The total polar lipids of strain PB304
T were sphingoglycolipid, phosphatidylcholine, phosphatidylglycerol, diphosphatidylglycerol, phosphatidylethanolamine and two uncharacterized phospholipids (see Fig. S1 , available in the online Supplementary Material). The major polar lipid was sphingoglycolipid, as observed in the other members of the family Sphingomonadaceae (Busse et al., 1999; Asker et al., 2007) . The polyamine was spermidine, as observed in Sphingomonas aquatilis, Sphingomonas koreensis, Sphingomonas cloacae, Sphingomonas wittichii and 'Sphingomonas abikonensis' (Hamana et al., 2003; Yabuuchi & Kosako, 2005) .
The DNA2DNA relatedness of strain PB304
T with respect to its closest phylogenetic neighbours was 57.1 % for 'Sphingomonas humi' KCTC 12341, 51.2 % for Sphingomonas (Wayne et al., 1987) , indicating that strain PB304
T indeed represents a distinct species. The DNA G+C content of strain PB304
T was 66.6 mol%, which falls within the range reported for other members of the genus Sphingomonas.
The phenotypic and genotypic data described above confirm the separate taxonomic status of strain PB304
T . Therefore, strain PB304
T is described below as a member of a novel species of the genus Sphingomonas, for which the name Sphingomonas lacus sp. nov. is proposed.
Description of Sphingomonas lacus sp. nov
Sphingomonas lacus (la9cus. L. gen. n. lacus of a lake).
Cells are Gram-staining-negative, non-spore-forming, occurring as single and/or paired short chains of 0.3-0.4 mm in diameter and 0.4-0.8 mm in length. Gliding motility is not observed. Colonies on R2A agar are circular and yellow-orange. The main pigment is astaxanthindideoxyglycoside, and flexirubin-type pigments are not detected. All known strains contain two structural genes of the type II photosynthetic reaction centre ( pufL and pufM), but BChl a is not detected. Congo red is not adsorbed by the colonies. Growth occurs on R2A and marine agars, but not on LB, nutrient or trypticase soy agars. The temperature range for growth is 20-30 uC (optimum, 25 uC). Growth in R2A broth is observed at pH 5.0-9.0 (optimum, pH 7.0), and in the presence of 0-2% (w/v) NaCl (optimum, 1%). Catalase activity is present. Oxidase activity is not present. On using the API 20NE kit, positive for aesculin hydrolysis and assimilation of D-glucose, but negative for nitrate reduction, indole production, D-glucose fermentation, b-galactosidase, arginine dihydrolase and urease activities, gelatin hydrolysis, and assimilation of Larabinose, D-mannose, D-mannitol, N-acetylglucosamine, maltose, potassium gluconate, capric acid, adipic acid, malic acid, trisodium citrate and phenylacetic acid. On using the API 32GN kit, positive for the assimilation of D-glucose and L-rhamnose, but negative for maltose, L-arabinose, N-acetylglucosamine, D-ribose, inositol, gluconate, itaconate, suberate, malonate, sucrose, mannose, acetate, DL-lactate, L-alanine, mannitol, salicin, melibiose, L-fucose, D-sorbitol, propionate, caprate, valerate, citrate, histidine, 5-ketogluconate, glycogen, 3-hydroxybenzoate, 2-ketogluconate, 3-hydroxybutyrate, 4-hydroxybenzoate, L-serine and L-proline. On using the API ZYM kit, positive for alkaline phosphatase, esterase (C4), lipase (C14), b-glucosidase, leucine arylamidase, valine arylamidase, acid phosphatase and naphthol-AS-BI-phosphohydrolase activities, but negative for esterase lipase (C8), b-galactosidase, arginine dihydrolase, cystine arylamidase, trypsin, a-chymotrypsin, a-galactosidase, b-glucronidase, a-glucosidase, b-glucosaminidase, a-mannosidase and a-fucosidase activities. Susceptible to ampicillin, chloramphenicol, erythromycin, kanamycin, streptomycin, penicillin G and tetracycline. The major polar lipid is sphingoglycolipid; significant amounts of phosphatidylcholine, phosphatidylglycerol, diphosphatidylglycerol and phosphatidylethanolamine are also present. The polyamine is spermidine. The major cellular fatty acids are C 16:0 , summed feature 4 (comprising iso-C 15:0 2-OH and/or C 16:1 v7c) and summed feature 7 (comprising C 18:1 v7c/v9t/v12t). Q-10 is the sole respiratory quinone.
The type strain is PB304 T (5KCTC 32458 T 5CECT 8383 T ), isolated from soil collected near a pond in Daejeon city, South Korea. The DNA G+C content of the type strain is 66.6 mol%.
